Introduction
1 is a prototype of strongly H-bonded systems, which plays an important role in condensed phase 1-3 and enzymatic reactions. 4 Experimental 5-7 and theoretical [8] [9] [10] [11] [12] studies of dynamics of the excess proton in water provide valuable insight in the proton transfer phenomenon in polar solvents. This resulted in a qualitative or semi-quantitative picture that is still incomplete and controversial because of the limited applicability of diffraction methods and the technical limitations of molecular dynamics (MD) simulations. In contrast to solvents, molecular crystals provide a better defined environment for the H 5 O 2 1 species. In crystalline H 5 O 2 1 ClO 4 À the H 5 O 2 1 structure was determined by X-ray diffraction. 13 Infrared (IR), Raman and incoherent inelastic neutron scattering (INS) spectra are also available for this system. 14, 15 The IR spectrum of gas phase H 5 O 2 1 has only recently been measured. 16 Car-Parrinello molecular dynamics (CPMD) 17, 18 provides a unique possibility to study the effect of the crystalline environment on the structure and dynamics of H 5 O 2 1 when one accepts the limited accuracy of density functional theory (DFT), see ref. 19 for a recent example. We use CPMD to simulate the structure as well INS and IR spectra of H 5 O 2 1 in the H 5 O 2 1 ClO 4 À crystal and compare it with the H 5 O 2 1 gasphase species. The discussion addresses the following issues: (i) the environmental effects on the structure and vibrational spectra of H 5 O 2 1 ; (ii) the relationship between the IR and INS spectra, specifically the broad IR bands compared to relatively narrow INS bands for the OÁ Á ÁH 1 Á Á ÁO vibrations. 20 
Computations
For the isolated H 5 O 2 1 ion in the gas phase Born-Oppenheimer molecular dynamics simulations were made with DFT forces (AIMD) 21, 22 using the TURBOMOLE package (V5-6) [23] [24] [25] The forces were calculated analytically using the BLYP functional 26 and the aug-cc-pVTZ basis set. 27 NVE simulations were performed such that the average of the kinetic energy corresponds to a temperature of about 100 K. The equilibrium structure was used as a starting point. Inertial momenta were distributed randomly according to the desired kinetic temperature. The time step was 0.5 fs and the trajectory length was 3 ps. Vibrational spectra were calculated by averaging over two trajectories, obtained with opposite signs of the starting velocities.
The . In dynamic runs a fictitious electron mass of 600 au and a time step of 5 au (E0.12 fs) were employed. 30 NVT simulations were performed at constant volume and for T ¼ 84 K, the average temperature in different experimental studies of crystalline H 5 O 2 1 ClO 4 À . [13] [14] [15] The BLYP equilibrium geometry was used as a starting point. The trajectory length was 4.5 ps. To obtain the IR and INS spectra the average was taken over two trajectories computed with different values of the thermostat frequency, 18 2000 and 3500 cm À1 . The dipole moment function was obtained by the Berry phase approach of Resta 31 as implemented in CPMD. 18 The IR spectrum was obtained as the Fourier transform of the autocorrelation function of the classical dipole moment, M,
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IðoÞ ¼ 2po
where I(o) is the relative IR absorption at frequency o, T is the R E S E A R C H P A P E R PCCP www.rsc.org/pccp temperature, k B is the Boltzmann constant, c is the speed of light in vacuum, e 0 is the dielectric constant of the vacuum, and n is the refractive index which was treated as constant. The function F(o) results from the prefactor of the classical line shape and from a quantum correction factor which corrects for the violation of the detailed balance conditions in the classical treatment and for zero point motion effects. Unfortunately, there exist a large variety of different suggestions which are discussed in detail, for example, by Gaigeot and Sprik 33 who also compare IR spectra obtained with different choices. We consider here the 'standard' quantum correction factor 2/(1 þ exp(Àho/2pk B T), 33, 34 which results in
It has previously been applied in calculations of the far and mid-IR spectra of liquid water 32, 34 and crystals. 35 In addition, comparison will be made with the so-called 'harmonic' quantum correction factor ho/2pk B T/(1 À exp(Àho/2pk B T) which yields
The INS spectrum was calculated from the Fourier transform of the velocity autocorrelation functions of the atoms, weighted by their inelastic neutron scattering cross-sections. 36 Since the value of the INS cross-section of the H atom is, at least, one order of magnitude larger than that of the C, O and Cl atoms, only the H atom velocities, v H were taken into account,
3. Crystal structure and harmonic frequencies 19 ). This was verified by a vibrational analysis which does not show imaginary frequencies. It should be noted that the X-ray study 13 considered the non-centrosymmetric Pn2 1 a structure as a possible choice, but the centrosymmetric space group Pnma (no. 62) was accepted as most suitable. We find that the latter corresponds to a transition structure with one imaginary frequency (78 cm
À1
). The transition
corresponds to a simultaneous shift of the four bridging protons along the OÁ Á ÁO line. The OÁ Á ÁH distances in the OÁ Á ÁH 1 Á Á ÁO fragment of H 5 O 2 1 are equal in the transition structure, but differ in the energy minimum structure. The corresponding Cl-O distances in the two structures differ by less than 0.001 Å , while the OÁ Á ÁO distances differ by up to 0.03 Å . The energy difference between the two structures is E20 cm
, i.e. less than k B T at experimental temperature. , respectively. The corresponding bands in the experimental IR spectrum (Fig. 2a) 14 have maxima at 3200/3300 and at 1700 cm À1 , respectively. Harmonic frequencies of the asymmetric stretch of the OÁ Á ÁH 1 Á Á ÁO fragment vary from 1023 to 1237 cm À1 in the crystal. This may be explained by strong electrostatic interactions between neighbouring OÁ Á ÁH 1 Á Á ÁO fragments. The distance between the nearest bridging protons is around 5.3 Å . The frequencies of one of the two bending vibrations are between 1037 and 1198 cm À1 and this range overlaps with the range of the asymmetric stretches of the OÁ Á ÁH 1 Á Á ÁO fragment. The frequencies of the 
INS and IR spectra
The computed INS spectrum of the H 5 O 2 1 ClO 4 À crystal agrees well with the experimental one, see panels B and A in Fig. 3 . In accord with experiment, 15 there are two groups of bands below 850 cm the bridging H only (Fig. 3C) allows identification of bands that are due to the OÁ Á ÁH 1 Á Á ÁO fragment. Comparison of spectra B and C shows that these are the two bands around 1150 and 1600 cm À1 . Further information for the assignment comes from the harmonic frequency normal modes of H 5 is caused by both bending vibrations of the OÁ Á ÁH 1 Á Á ÁO fragment and bending vibrations of the terminal water molecules. Comparison of spectra B and C (Fig. 3) shows that the bending vibrations of terminal water molecules are at the low wavenumber side of the band around 1600 cm À1 . Fig. 2 (panels C and D) shows the IR spectrum of the H 5 O 2 1 ClO 4 À crystal obtained as a Fourier-transform of the dipole autocorrelation function. The power spectrum of the crystal, calculated as the Fourier-transform of the velocity autocorrelation function, is given in the middle panel B of Fig. 2 . The latter is usually computed in CPMD studies of vibrational properties of crystals 30 and isolated molecules. 38 Assignment of the bands in the power spectrum can be made by separate consideration of velocity autocorrelation functions of subsets of atoms. When doing so, we find that all vibrations of the ClO 4 À anion locate below 1050 cm À1 . The group of bands around 3100 cm À1 corresponds to the OH stretches of the terminal water molecules.
The frequencies obtained from the dipole and velocity autocorrelation functions are close to each other, while intensities of bands differ strongly. According to experiment 14 shown at the top of Fig. 2 
the IR intensities of the ClO 4
À fundamentals are lower than those of OH stretches of the terminal water molecules and also lower than the other bands, while the present calculations (eqn. (1)) predict the largest IR intensities for the low frequency ClO 4 À vibrations when the 'standard' quantum corrections are used (eqn. (2a), panel C). The 'harmoni' quantum correction (eqn. (2b), panel D) increases the intensity of the terminal OH stretches, which are more intense than the ClO 4 À vibrations, but the relative intensities of the bands around 1080 cm À1 and between 1700 and 1900 cm À1 is still too low. More sophisticated schemes 39, 40 may lead to a more severe damping for low frequencies as found for liquid water. 41 The observed intensities also depend on the refractive index which in general is frequency dependent. 42 This dependence is unknown in most cases and has not been considered. We note, however, that for liquid water the refractive index is virtually constant between 300 and 3500 cm À1 . 43 Following the assignment of the INS spectra (Fig. 3) and the harmonic normal mode calculations (Table 2) , the bands in the region between 1600 and 1700 cm À1 are due to asymmetric bending vibrations of the water molecules and the bending vibrations of the OÁ Á ÁH 1 Á Á ÁO fragment. The bands in the region between 1000 and 1300 cm À1 are assigned to the asymmetric stretch and bending vibrations of the OÁ Á ÁH 1 Á Á ÁO fragment (Table 2) . A very broad and flat absorption is observed for the H 5 O 2 1 ClO 4 À crystal 14 in this region (upper panel in Fig. 2 ). This is also true for the dehydrates of hydrogen chlorine and hydrogen bromine 44 as well as for dehydrates of halogenometallates of dioxonium. 45 Comparison of the theoretical INS and IR spectra of the H 5 O 2
1 ClO 4 À crystal shows that the OÁ Á ÁH 1 Á Á ÁO band around 1150 cm À1 is much broader in the IR spectrum than in the INS one. The band broadening in the IR spectrum is caused by electric anharmonicities 46, 47 in addition to mechanical ones. The electric anharmonicities are absent in the INS spectrum and this explains the narrower bands.
Discussion
The equilibrium OÁ Á ÁO distances are 2.431 Å in the isolated ion and 2.426 Å in the crystal, i.e. they are virtually the same. The OÁ Á ÁH 1 Á Á ÁO fragment is slightly nonlinear in the gas phase (1721) and becomes linear in the crystal. Due to the strength of the OÁ Á ÁH 1 Á Á ÁO bond, the crystalline environment changes the OÁ Á ÁO distance only slightly.
In the crystal and gas phase the H 5 O 2 1 ion can be considered as a non-rigid molecule because the bridging H undergoes large-amplitude vibrations. The molecular symmetry group of H 5 O 2 1 in the crystal is C 2h . 48 Approximately C 2h symmetry of the H 5 O 2 1 ion has also been found in X-ray studies of crystalline hydrates of different acids, e.g. ref. 49 and the references therein. The crystalline environment changes the mutual orientation of the water molecules in H 5 O 2 1 compared to the isolated species, see Fig. 4 . As a result, in the crystal the bending potential along y increases much faster than along x and the frequencies of the two bending vibrations of the OÁ Á ÁH 1 Á Á ÁO fragment differ strongly in the crystal. In contrast, in the gas phase the bending potentials in x-and y-directions are more similar and the two bending modes are virtually degenerate, see Table 2 .
We start the discussion of environment effects on the vibrational spectra of the H 5 O 2 1 species with the OH stretch modes of the external water molecule. The simulated IR spectrum of H 5 O 2 1 ClO 4 À (Fig. 2C) shows these bands between 3000 and 3300 cm À1 while the isolated H 5 O 2 1 ion (simulated spectrum not shown in this region) has bands between 3500 and 3700 cm À1 (with peaks at 3575 and 3685 cm À1 ). This is in agreement with the observed spectrum of H 5 O 2 1 ClO 4 À ( Fig. 2A) which has maxima at about 3200 and 3300 cm À1 and the spectrum of isolated H 5 O 2 1 which has lines at 3609 and 3684 cm À1 . 50 This shift of about 400 cm À1 (observed) is typical of H-bonds as formed by the terminal OH groups of H 5 O 2 1 with oxygen atoms O(1) and O(3)/O(3 0 ) of the ClO 4 À ions (Fig. 1) . The HOH bendings of the terminal water molecules are part of the broad band around 1700-1800 cm À1 in the simulated spectrum of isolated H 5 O 2 1 , which shifts to about 1600-1700 cm À1 in the simulated spectrum of the H 5 wavenumbers due to the crystalline environment. In the gas phase spectrum the bands around 800 cm À1 are absent.
(ii) A large number of relatively intense bands in the 1200 to 1600 cm À1 region caused by vibrations of the bridging H disappear in the crystal. This is due to a much larger splitting of the two OÁ Á ÁH 1 Á Á ÁO bending vibrations in the crystal as the harmonic frequencies indicate (1037-1198 and 1727-1740 cm À1 compared to 1411 and 1500 cm À1 in the gas phase, cf. ). The same frequency shifts determine the environmental effects on the IR spectra (Fig. 5b) Fig. 5b ) and the ion in crystal (panel A in Fig. 2) shows that the positions of the broad bands around 1000-1200 and 1600-1800 cm À1 are slightly affected by the crystalline environment, while the band around 1300 cm À1 in the gas phase spectrum almost disappears in the crystal and only a shoulder remains around 1400 cm À1 . Comparison of the computed INS and IR spectra for the gas phase species (panels B in Figs. 5a and b) shows that the OÁ Á ÁH 1 Á Á ÁO bends are seen in the simulated INS spectrum (Fig. 5a, left) at slightly lower wavenumbers compared to harmonic ones, but they are not seen in the simulated IR spectrum (Fig. 5b, right) . This is due to relatively small changes of the dipole moment associated with OÁ Á ÁH 1 Á Á ÁO bendings. Therefore, it is likely that they do not show up in the experimental gas phase spectrum of H 5 O 2 1 , cf. ref. 51 . The two middle bands in the experimental IR spectrum may then be due to overtones or combination bands 46, 52 which gain intensity from strong electric and mechanical anharmonicity. 46 
Summary and conclusions
In accord with experimental data, the present DFT calculations suggest the presence of H 5 1 is very shallow. The Pnma structure is a saddle point, but the P2 1 2 1 2 1 minimum structure is only 20 cm À1 lower in energy. The INS and IR spectra have been obtained from a molecular dynamics simulation and a complete assignment of the observed spectra 14, 15 has been achieved. The assignment has been supported by normal mode analysis which shows that anharmonicities of the potential do not have a qualitative effect on the spectrum. Contrary to a previous assignment, 14 the broad band between 1000 and 1400 cm À1 seen in the INS and IR spectra of H 5 O 2 1 ClO 4 À is due to both the asymmetric stretch and one of the bending vibrations of the OÁ Á ÁH 1 Á Á ÁO fragment, while the band between 1600 and 1800 cm À1 is due to both the asymmetric bending vibration of the water molecules and the second bending vibrations of the OÁ Á ÁH 1 Á Á ÁO fragment. Similarly, all bands of the vibrational spectrum of crystalline benzoic acid have recently been assigned based on the harmonic approximation and DFT calculations. 53 Comparison with MD simulations of the INS and IR spectra of isolated H 5 O 2 1 ions reveals the environmental effects on the H 5 O 2 1 ion in the crystal. As expected, the terminal OH stretching modes are red-shifted by about 400 cm À1 due to H-bonding with O atoms of the ClO 4 À ions. The wagging and rocking modes of the terminal water molecules, which are between 400 and 600 cm À1 in the gas phase species, are blue shifted to a different degree and give rise to two separated peaks in the INS spectrum around 600 and 800 cm À1 , respectively. The bending modes of the terminal H 2 O molecules stay around 1600-1700 cm
À1
. The most pronounced changes of the spectrum occur for the asymmetric stretching and bending modes of the bridging proton. In the gas phase species, the two OÁ Á ÁH 1 Á Á ÁO bendings are almost degenerate and locate between the asymm. OÁ Á ÁH 1 Á Á ÁO stretching (1000-1200 cm
) and the bendings of the terminal water molecules (1700-1800 cm À1 ). In the crystal they split, because the two bending coordinates are no longer equivalent for the geometry that H 5 O 2 1 has in the crystal environment. The splitting is so large that one of the bendings gets very close to the bendings of the terminal water molecules, while the other overlaps with the asymm. OÁ Á ÁH 1 Á Á ÁO stretching. The harmonic frequencies of both the asymm. OÁ Á ÁH 1 Á Á ÁO stretchings and the overlapping OÁ Á ÁH 1 Á Á ÁO bendings of the four H 5 O 2 1 fragments cover a broad range between 1000 and 1200 cm 
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ClO 4
À crystals (A) compared with the computed IR spectrum of the H 5 O 2 1 ion in the gas phase (B). The 'standard' quantum correction, eqn. (2a), is used. Harmonic frequencies are shown as sticks. The experimental 16 gas phase spectrum in the region between 800 and 2000 cm À1 is also shown (C). Intensities are in arbitrary units.
